Introduction
============

Subunits of recombinant proteins and killed viruses are largely used as vaccine candidates, as they are less toxic than live pathogens. Although these compounds offer advantages, they are often poorly immunogenic. An ideal vaccine should induce strong cellular and humoral responses. Thus, it is necessary to develop vaccine adjuvants to enhance vaccine immune responses.[@b1-ijn-11-3571] The term adjuvant refers to additives or vaccine carriers that improve and stimulate the adaptive immune response or innate immune system. One promising strategy is the coadministration of the antigen vaccines with active immunostimulants to increase the immune response.[@b2-ijn-11-3571],[@b3-ijn-11-3571] In addition, lipid-based particulate systems that are currently under investigation and show promise as potential carriers for antigen vaccines and immunostimulants include liposomes and related structures. A majority of studies investigating the adjuvant response to lipid-based particles have focused on lamellar phase materials such as unilamellar/multilamellar vesicles, liposomes, or poly(lactic-co-glycolic acid) (popularly known as PLGA).[@b4-ijn-11-3571],[@b5-ijn-11-3571]

Cubosomes based on the cubic phase of monoolein or phytantriol have received intense attention for their ability to act as carriers for delivery of bioactive materials,[@b6-ijn-11-3571]--[@b9-ijn-11-3571] and in targeted detection.[@b10-ijn-11-3571] Cubosomes have a special nanostructure, being composed of a lipid bilayer and two water channels, which can offer high encapsulation of a drug or its active components due to their high surface area.[@b11-ijn-11-3571] A recent study indicated the adjuvant property of cubosomes encapsulating ovalbumin and showed that they were more efficient at generating antigen-specific cellular responses when compared to alum.[@b11-ijn-11-3571] However, there is not much research indicating whether cubosomes could enhance the ability of immunostimulants to generate strong immune responses.

Polysaccharides (PSs) extracted from *Ganoderma lucidum* were shown to activate the host immune system, leading to the production of various T-helper 1 (T~h~1)-biased cytokines,[@b12-ijn-11-3571] which indicates the potential of immunostimulants. However, the PSs also have some disadvantages, such as having a nonfocused action scope, being dependent on large doses, and having a brief biological half-life, which may limit future applications. In our laboratory, we have confirmed that PS liposomes can generate stronger humoral responses compared to PSs alone.[@b13-ijn-11-3571] Furthermore, we were able to prepare PSs containing nanoparticles and achieve low levels of detectable antibody and innate immune responses with inactivated porcine circovirus type 2 (PCV-II) viruses.

Consistent with recent observation,[@b14-ijn-11-3571],[@b15-ijn-11-3571] delivery of antigen and immunostimulants in separate nanoparticles induced a stronger immune response than delivery of both in the same nanoparticle. In this study, we incorporated PS into cubosomes to generate cubosome-PS (Cub-PS) nanoparticles. The Cub-PS nanoparticle was characterized by small-angle X-ray scattering scattering (SAXS) and cryo-field emission scanning electron microscopy (Cryo-FESEM). The in vitro cell toxicity of Cub-PS was evaluated in peritoneal macrophages. Finally, the immunogenicity was evaluated in mice by measuring the immune responses induced by subcutaneous coadministration of inactivated PCV-II viruses as "nanoantigen" and Cub-PS, compared to administration of Cub or PS formulation alone. The enhanced immune responses elicited by Cub-PS might be attributed to promotion of antigens transporting into draining lymph nodes and efficient dendritic cell (DC) activation and memory T-helper cell differentiation in draining lymph nodes.

Materials and methods
=====================

Materials
---------

Phytantriol (Phy, 98.0%) was purchased from TCI (Tokyo, Japan). Pluronic F127 was purchased from Sigma-Aldrich Co (St Louis, MO, USA). The purified *Ganoderma lucidum* PSs GLP (≥98% purity) were obtained from CiYuan Biotechnology Co, Ltd, Shanxi, People's Republic of China. Propylene glycol was purchased from Yuwang Industrial Co, Ltd (Shandong, People\'s Republic of China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Amresco LLC (Solon, OH, USA). RPMI 1640 was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Inactivated PCV-II viruses were a gift from the National Research Center of Veterinary Biologicals Engineering and Technology. ISA 206 was purchased from Seppic Inc. (Paris, France).

Preparation of cubosomes
------------------------

Briefly, 100 mg of phytantriol and 75 mg of propylene glycol were dissolved in 2 mL ethanol at 25°C. Then, the ethanol solution was added, dropwise, to 20 mL of a solution of Pluronic F127 (0.5 mg/mL) under continuous vortexing. The mixtures were vortex mixed and then evaporated using a rotary evaporator for 30 minutes. After removing the ethanol completely, the dispersant was homogenized by ultrasonication (MisonixXL2000, Misonix Incorporated, Nanjing, People's Republic of China) in pulse mode (5-second pulses interrupted by 5-second breaks) at 70% of maximum power for 10 minutes. For the PS-loading dispersion, 10 mg of PS was added into the solution of Pluronic F127 dispersant, and the preparation was done in the same way. Cub-PS-antigen (Ag), Cub-Ag, and PS-Ag were prepared by mixing the Cub-PS, PS, and Cub solutions with PCV-II solution and vortexing for 5 minutes.

Encapsulation efficiency of PS
------------------------------

One milliliter of the Cub-PS dispersions was centrifuged for 30 minutes at 12,000 rpm to separate the entrapped PS from the unentrapped moieties. Exactly 0.5 mL of the supernatant was diluted with 0.5 mL Triton X-100 (Shanghai Yuanye Biotechnology Co, Ltd, Shanghai, People's Republic of China) to lyse any lipid fragments and was analyzed using the vitriol--phenol method; the PS content was referred to as the content of free PS. In addition, 0.5 mL of the Cub-PS dispersions added in the centrifuge tube was mixed with 0.5 mL of Triton X-100. Subsequently, the solution was used to assay the content of PS using the vitriol--phenol method,[@b15-ijn-11-3571] and this solution was termed the amount of PS in 0.5 mL of Cub-PS dispersions. The formula for Cub-PS encapsulation efficiency (EE) is expressed as follows: $$\text{EE}\% = (1 - Q_{f}/Q_{t}) \times 100\%$$where *Q*~f~ is the amount of free PS and *Q*~t~ is the amount of total PSs in 0.5 mL of Cub-PS dispersions.

Size and surface charge
-----------------------

Size and zeta (ζ) potential of the cubosomes were determined using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Particle size and the polydispersity index (PDI) were measured using a high-performance dynamic light scattering (DLS) device with Malvern Zetasizer Nano ZS at a fixed angle of 90°. The cubosome dispersions were sonicated for 30 seconds and then diluted with distilled water (0.2 mL → 1.0 mL). The zeta potential was measured using the zeta potential analyzer attachment at 25°C.

SAXS studies
------------

SAXS measurement was performed on a Bruker NanoSTAR SAXS. The instrument source was a copper rotating anode (0.3 mm filament) operating at 45 kV and 110 mA, fitted with a cross-coupled Göbel mirror, resulting in a Cu Kα radiation wavelength of 1.54 Å. The Cub-PS samples were equilibrated at 25°C for 30 minutes before the collection of a scattering pattern for 30 minutes.

Cryo-FESEM studies
------------------

Cubosomes were placed in brass rivets and plunge-frozen in liquid propane. The cubosomes were transferred into the cryochamber (K1250X, Quorum Technologies, Ashford, UK) of the microscope (S-4800; Hitachi, Tokyo, Japan), which was held at a temperature of −140°C. The samples were then sublimed at −90°C and then coated with platinum. The cubosomes were viewed once at −140°C, at an accelerating voltage of 3 kV and a working distance of 6 mm.

Cell viability tests
--------------------

Cell cytotoxicity tests were conducted using peritoneal macrophages. Peritoneal macrophages were collected and purified as described earlier.[@b16-ijn-11-3571] The macrophages were plated into a 96-well plate at a density of 5×10^5^ cells per well and cultured at 37°C in a humidified atmosphere (5% CO~2~ and 95% air). PS, Cub, and Cub-PS were introduced into the macrophages, and the cells were cultured for 24 hours. The cells cultured in blank medium were taken as the control. After 24-hour incubation, cell viability was evaluated using the MTT method.

Effect on cluster of differentiation (CD)4-to-CD8 ratio
-------------------------------------------------------

Lymphocytes were harvested from the mice spleens and seeded into 24-well plates at 1×10^6^ cells per well before incubation with PS, Cub, and Cub-PS for 48 hours. The cells were then stained with antibodies, including anti-CD3e-phycoerythrin-cyanine5 (anti-CD3e-PE-Cy5), anti-CD8-PE, and anti-CD4-fluorescein isothiocyanate (FITC) antibodies (all from BD Biosciences, San Jose, CA, USA). The cells were analyzed using fluorescence-activated cell sorting analysis.

Immunization
------------

Female BALB/c mice were housed in an animal research laboratory under standard conditions in top-filtered cages. All the animals were fed a regular diet and given acidified water without antibiotics. All the animals remained in good health for the duration of the study. During the evaluation, 60 female BALB/c mice (6--8 weeks old, 18--22 g) were divided into five groups (n=12). The mice were immunized by subcutaneous injection twice at 1-week intervals. Two groups were treated with ISA 206 (water-in oil--water emulsions \[W/O/W\], positive control groups) containing inactivated PCV-II viruses and phosphate-buffered saline (PBS). The other groups were treated with 100 μg of free or encapsulated PS, co-delivered with inactivated PCV-II viruses (1.05×10^6^ 50% tissue culture infective dose \[TCID~50~\] per mouse). Mice were bled after first immunizations (Day 7 \[D7\], D14, and D21). All animal-handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and followed the guidelines of the Animal Welfare Act. All animal experiments were approved by the Nanjing Agricultural University Animal Care Committee.

Determination of PCV-II-specific immunoglobulin G and its subclasses
--------------------------------------------------------------------

PCV-II-specific immunoglobulin G (IgG) levels were measured using modified enzyme-linked immunosorbent assay (ELISA) kits (Wuhankeqian Animal Biological Products Co, Ltd, Wuhan, People's Republic of China) for PCV-II. Briefly, the 96-well ELISA plates were washed three times with washing buffer. After washing, the plates were incubated with 100 μL of 1:400 dilution of serum sample at 37°C for 30 minutes. The plates were then washed five times. Then, 1:5,000 goat anti-mouse total IgG-horseradish peroxidase conjugate was added to each well and incubated at 37°C for 30 minutes. After washing, 100 μL of chromogenic agents A and B were added to each well and incubated at 37°C for 10 minutes. The reaction was stopped by adding 50 μL of stop solution to each well. The optical density was then measured at 630 nm with a microplate reader. IgG1, IgG2a, IgG2b, and IgG3 in the serum were determined using ELISA kits (R&D Systems, Inc, Minneapolis, MN, USA).

Determination of cytokine levels by ELISA
-----------------------------------------

T~h~1 cytokines (interferon \[IFN\]-γ, tumor necrosis factor \[TNF\]-α, and interleukin \[IL\]-12p70), T~h~2 cytokine (IL-4), and T~h~17 cytokine (IL-17) in the serum from the various treatment groups were quantified using mouse ELISA cytokine kit (R&D Systems, Inc).

Flow cytometry analysis of DC activation
----------------------------------------

DC activation was tested by removing sciatic and popliteal lymph nodes 24 hours and 48 hours after vaccination with different vaccine formulations, as described earlier. The lymph nodes were harvested and prepared into a cell suspension. The lymph node cells were then washed, blocked, and stained with antibodies (anti-CD11c-FITC, anti-major histocompatibility complex class II \[MHCII\]-PE and anti-CD86-PE-Cy5; all from BD Biosciences), and flow cytometry analysis was performed on a BD FACSVerse™ flow cytometer.

Determination of antigen level in draining lymph nodes
------------------------------------------------------

The neck and back of BALB/c mice were subcutaneously injected with different vaccine formulations containing 1.05×10^6^ TCID~50~ of antigen. At 7 days after immunization, lymph nodes from the sciatic and popliteal nodes were isolated, fixed in 4% paraformaldehyde, embedded in paraffin, and cut to yield 4 mm thick samples. After deparaffinization, samples were incubated with 3% H~2~O~2~ for 10 minutes. Then, samples were blocked with goat serum and immunostained with antibody against PCV-II (Beijing Biosynthesis Biotechnology Co, Ltd, Beijing, People's Republic of China). A goat anti-rabbit secondary IgG and diaminobenzidine (ZSGB-Bio, Beijing, People's Republic of China) were used for color development. Specimens were stained with hematoxylin, and immunohistochemical micrographs were documented using an Olympus BX20 microscope (Tokyo, Japan).

Determination of memory T-helper cells in draining lymph nodes
--------------------------------------------------------------

Flow cytometry was performed to measure the percentage of memory T-helper cells in the lymph nodes obtained from immunized mice 7 days after the final immunization. Lymph nodes from the sciatic and popliteal regions were harvested and prepared with cell suspension. Cells were stained with anti-mouse antibodies (anti-CD4-PE, anti-CD44-PE-Cy5, anti-FITC-CD62L, and anti-allophycocyanin-C-C motif chemokine receptor type 7 \[anti-APC-CCR7\]; all from eBioscience, San Diego, CA, USA). The percentages of effector memory T-cells (TEM, CD4^+^CD44^+^CD62L^−^CCR7 and central memory T-cells (TCM, CD4^+^CD44^+^CD62L^+^CCR7^+^) were determined using BD FACSVerse™ flow cytometer.

Results
=======

Particle size and zeta potential of Cub-PS
------------------------------------------

In this study, the cubosome dispersion was prepared as described previously,[@b10-ijn-11-3571] with slight modifications to achieve higher loading of PS in cubosomes. The encapsulation of PS into cubosomes slightly changed the physicochemical properties as compared to the blank cubosome nanoparticles. Similar sizes were acquired for Cub and Cub-PS nanoparticles. [Table 1](#t1-ijn-11-3571){ref-type="table"} shows the particle size determined by DLS and demonstrates increasing particle size with added PS ([Figure 1A](#f1-ijn-11-3571){ref-type="fig"}). Both the particle size and zeta potential of Cub and Cub-PS were similar ([Table 1](#t1-ijn-11-3571){ref-type="table"}).

SAXS studies
------------

In order to gain further insights into the nanostructural changes resulting from PS addition, we used SAXS to characterize the cubic phase of Cub-PS. The SAXS scattering curves for PS-containing cubosomes were obtained at 25°C for 30 minutes, as shown in [Figure 1B](#f1-ijn-11-3571){ref-type="fig"}. Intensity vs *q* plots obtained from SAXS measurements of Cub and Cub-PS showed two strong diffraction peaks and a weak peak (arrows) for Cub-PS, with relative positions at ratios √2:√3:√4. These peaks are indicative of particles with a Pn3m nanostructure. The cubic liquid crystal structure was retained upon addition of PS to the cubosomes.

Cryo-FESEM studies
------------------

The morphology of Cub-PS was investigated by cryo-FESEM. Cryo-FESEM paves the way for characterization of the surface structures in various nanostructured dispersions. The micrographs in [Figure 2](#f2-ijn-11-3571){ref-type="fig"} show the images obtained for the dispersions of Cub-PS. [Figure 2A](#f2-ijn-11-3571){ref-type="fig"} shows Cub-PS with spherical morphology, whereas at high resolutions, Cub-PS ([Figure 2B](#f2-ijn-11-3571){ref-type="fig"}) shows a more cubic morphology compared with Cub ([Figure 2C](#f2-ijn-11-3571){ref-type="fig"}). Although the overall morphology of Cub-PS varied, the particles showed a similar microstructure to the cubic phase, indicating the same underlying tortuous structure and nodular surface features, entirely consistent with the structure previously described in the literature.[@b17-ijn-11-3571]

Cytotoxicity of cubosomes
-------------------------

The cytotoxicity of cubosomes was evaluated using peritoneal macrophages of mice. Biocompatibility of cubosomes is a prerequisite for its adjuvant applications. The MTT assay ([Figure 3A](#f3-ijn-11-3571){ref-type="fig"}) indicates that the survival rate of peritoneal macrophages decreased with increasing lipid concentration, and a significant difference in survival rate for the cells treated with 30 μg/mL of lipid (phytantriol) was observed. However, no significant difference was found for PS-loaded or blank cubosomes in all investigated ranges. Hinton et al reported a similar cytotoxicity of phytantriol cubosomes in Chinese hamster ovary or A549 cells, and phytantriol cubosomes result in disruption of cell membrane integrity and inhibition of cell membrane remodeling via macropinocytosis.[@b18-ijn-11-3571]

Activation of CD4^+^ and CD8^+^ T-cells
---------------------------------------

The total sample of spleen cells isolated from mice was cultured in 24-well plates in the presence of cubosomes for 48 hours. Normal cultured cells were used as negative controls. After incubation for 48 hours, the ratio of CD4^+^ to CD8^+^ T-cells markedly increased in the Cub-PS group compared with PS and Cub groups (*P*\<0.05) ([Figure 3B](#f3-ijn-11-3571){ref-type="fig"}). Thus, CD4^+^ T-cells may play an indispensable role in adjuvant activity.

Systemic antibody responses in vaccinated mice
----------------------------------------------

Some researchers have demonstrated that cubosomes are potent adjuvants for immunization.[@b11-ijn-11-3571],[@b19-ijn-11-3571] On the basis of recent observations that delivery of antigens and toll-like receptor ligands in separate nanoparticles induces a stronger antibody response than co-delivery by the same nanoparticle,[@b13-ijn-11-3571],[@b14-ijn-11-3571] we evaluated the immunostimulatory potential of PS, cubosomes (Phy, 1 mg per animal), and cubosomes (Phy, 1 mg per animal) carrying PS (100 μg per animal) coadministered with inactivated PCV-II virus into BALB/c mice.

To examine whether the response was dose dependent, we administered one of the following: 4× Cub-PS-Ag, 2× Cub-PS-Ag, or Cub-PS-Ag containing 1.05×10^6^ TCID~50~ Ag per injection. During the immunization process, sera were obtained from mice of all groups, and PCV-II IgG titers were measured. Determination of antibody responses on D21 showed that Cub-PS-Ag induced significantly higher PCV-II-specific antibody titers in comparison to the 4× Cub-PS-Ag and 2× Cub-PS-Ag treatments (*P*\<0.05; [Figure 4A](#f4-ijn-11-3571){ref-type="fig"}). As shown in [Figure 4B](#f4-ijn-11-3571){ref-type="fig"}, on D7 (priming), no significant differences were observed between the groups immunized with PS-Ag, Cub-Ag alone, and Cub-PS-Ag in terms of the IgG responses. However, encapsulation of PS into cubosomes significantly increased the antibody responses compared to free PS and Cub-Ag alone from D14--D21.

Adjuvants can induce changes in T~h~1--T~h~2 balance and, therefore, in the antibody subclass generated. In mice, IgG1 is associated with a T~h~2-like response, while a T~h~1 response is associated with the induction of IgG2a, IgG2b, and IgG3 antibodies.[@b20-ijn-11-3571] Within all the groups, the encapsulation of PS in cubosomes resulted in higher antibody titers for all subtypes (IgG1, IgG2a, IgG2b, and IgG3), as shown in [Figure 4C and D](#f4-ijn-11-3571){ref-type="fig"}, indicating that Cub-PS-Ag promoted a mixed Th1/Th2 response.

Cytokine levels
---------------

The levels of IFN-γ, TNF-α, IL-4, IL-12p70, and IL-17 in serum were measured by ELISA at weekly intervals from D7 to D21 after final vaccination. As shown in [Figure 5A](#f5-ijn-11-3571){ref-type="fig"}, the production of IL-4 was detectable in all vaccinated mice beginning at D7 and reached peak levels at D21. Mice vaccinated with Cub-PS-Ag generated significantly higher levels of IL-4 compared to mice receiving PS-Ag or Cub-Ag alone. Unexpectedly, Cub-PS-Ag did not generate higher levels of IL-12p70 cytokine ([Figure 5B](#f5-ijn-11-3571){ref-type="fig"}), which may be due to the balance of numerous cytokines. The production of IFN-γ reached peak levels at D21 and was significantly higher than that induced by Cub-Ag or PS-Ag alone at D7 and D21 ([Figure 5C](#f5-ijn-11-3571){ref-type="fig"}). Similar TNF-α and IL-17 cytokine levels were detectable in serum from mice immunized with Cub-PS-Ag, which remained stable and were significantly higher than those obtained for antigen mixed with Cub or PS alone ([Figure 5D and E](#f5-ijn-11-3571){ref-type="fig"}).

On the whole, Cub-PS-Ag induced secretion of higher levels of T~h~1, T~h~2, and T~h~17 cytokines in the serum, indicating stronger immune responses, which was consistent with the significantly higher level of antibody subtypes.

Activation and maturation of DCs in the lymph nodes
---------------------------------------------------

After having confirmed the adjuvant potential of Cub-PS, we next wondered if it affected vaccine potency in terms of activating DCs in the draining lymph nodes. To address this question, we first examined their efficiency in activating DCs in vivo. Vaccine formulations were subcutaneously injected into the tail base of each mouse and then the upregulation of activation markers by DCs in the draining lymph nodes was examined. In the study, we divided the mice into five groups and injected them with PBS, Cub-PS-Ag, Cub-Ag, PS-Ag, and ISA206, respectively. At 24 hours and 48 hours after the injection, cells in the sciatic and popliteal lymph nodes were collected and analyzed by fluorescence-activated cell sorting.

Mice injected with Cub-PS-Ag displayed considerably higher frequencies of CD11c^+^MHC II or CD11c^+^CD86^+^ DCs than mice injected with Cub-Ag, PS-Ag and PBS, suggesting elevated recruitment and maturation of DCs into these lymph nodes ([Figure 6A and B](#f6-ijn-11-3571){ref-type="fig"}).

Further quantification of the percentage of CD11c^+^MHC II^+^ or CD11c^+^CD86^+^ DCs based on the histograms showed that the DC maturation level induced by Cub-PS-Ag was significantly higher than that induced by PS-Ag alone ([Figure 6C](#f6-ijn-11-3571){ref-type="fig"}).

Antigen transport into draining lymph nodes
-------------------------------------------

Because we observed that the Cub-PS-Ag formulation induces considerably higher frequencies of mature DC in the lymph nodes, we next wondered whether it affected antigen transport to the draining lymph nodes. To uncover the mechanisms underlying the enhanced immune responses, we determined the amount of available antigen in the draining lymph nodes by immunohistochemistry. On the seventh day postimmunization, the most abundant level of antigen was detected in the lymph nodes of mice immunized with Cub-PS-Ag, followed by mice immunized with PS-Ag vaccine formulation ([Figure 7](#f7-ijn-11-3571){ref-type="fig"}).

Memory T-helper cells in draining lymph nodes
---------------------------------------------

T-follicular helper (Tfh) cells are a subset of CD4^+^ T-cells essential for generation of memory B-cells and long-lived plasma cells, and memory CD4^+^ Th cells also play an essential role in initiating immune responses.[@b21-ijn-11-3571],[@b22-ijn-11-3571] Currently, two classes of memory Th cells have been distinguished: TEM and TCM. The former can display immediate effector T-cell function, whereas the latter are the reservoir of memory and effector T-cells, therefore being destined for initiating and long-term protection, respectively.[@b23-ijn-11-3571] In this study, Cub-PS-Ag significantly increased the percentage of TEM (CD4^+^CD44^+^CD62L^−^CCR7^−^) in the draining lymph nodes 7 days after first immunization ([Figure 8](#f8-ijn-11-3571){ref-type="fig"}). Furthermore, the percentage of TCM (CD4^+^CD44^+^CD62L^+^CCR7^+^) was also determined in the draining lymph nodes of mice immunized with Cub-PS-Ag, Cub-Ag, PS-Ag, and ISA206, showing slightly detectable changes in these groups ([Figure 8](#f8-ijn-11-3571){ref-type="fig"}). The result indicated that Cub-PS-Ag vaccine formulation significantly increased the percentages of TEM and TCM in the draining lymph nodes 7 days after the first immunization.

Discussion
==========

Particulate compounds, including biodegradable polymeric microparticles, emulsions, alum, and calcium phosphate, are the most widely used vehicle adjuvants.[@b15-ijn-11-3571] As an antigen delivery system, cubosomes have demonstrated large potential for the development of adjuvants. The cubosome structure consists of a highly twisted, continuous lipid bilayer with two congruent, nonintersecting water channels, giving the particle both hydrophobic and hydrophilic domains. This complex structure offers high loading of drugs and protects the encapsulated active contents from degradation and/or clearance. Their benefits are multifarious, ranging from the sustained delivery of adjuvants and antigens, to the targeting of antigen-presenting cells (APCs) through receptor-mediated or unspecific phagocytosis. In the past few decades, increasing research has focused on using cubosomes as carriers to enhance the effects of drugs,[@b24-ijn-11-3571] whereas few studies have focused on enhancing the adjuvant activity effects of PSs. In this study, we have investigated the ability of cubosomes, a novel lipid-based particulate drug delivery system, to generate strong cellular and humoral immune responses toward inactivated PCV-II virus in vivo, after encapsulation of PSs.

After identifying a successful formulation, the physicochemical characterization of Cub-PS was undertaken, as these properties could influence the physical stability, structure, and content of the encapsulated drug. Cub-PS, with a diameter of 324.4±2.05 nm, was advantageous for the passive targeting of APC due to enhanced permeability and retention effects. Furthermore, a zeta potential of −16.13±0.42 mV is sufficiently high to cause the Cub-PS moieties to repel each other, thereby avoiding particle aggregation and encouraging long-term stability.

To investigate this phase change in more detail and gain further insight into the nanostructural changes occurring in these nanoparticles with encapsulated PS, SAXS and cryo-FESEM were performed on the Cub-PS dispersion. The locations of the three peaks suggest that the Pn3m cubic phase structure is retained in Cub-PS.[@b25-ijn-11-3571],[@b26-ijn-11-3571]

Boyd et al[@b26-ijn-11-3571] have recently introduced the cryo-FESEM technique for directly investigating the three-dimensional and surface structures and to then confirm whether the investigated samples are cubosome particles.[@b25-ijn-11-3571],[@b27-ijn-11-3571] The cryo-FESEM images ([Figure 2](#f2-ijn-11-3571){ref-type="fig"}) show the presence of discrete colloidal nanoparticles spanning a size range of 300--400 nm, which was typical for these systems and consistent with the DLS traces observed. The Cub-PS sample shows nanostructured particles displaying surface structures and morphology typical of cubic phase materials.

Immune regulation relies mainly on helper T-cells (CD4^+^ T) and cytotoxic T-cells (CD8^+^ T). Dynamic changes in the CD4^+^/CD8^+^ ratio are regarded as constituting an important factor in determining immunity states and levels. In contrast, we observed that the ratio of CD4^+^/CD8^+^ increased markedly after Cub-PS treatment, but not in the Cub and PS groups, and hence concluded that Cub-PS nanoparticles are capable of improving the immune functions of organisms.

After confirming the adjuvant activity of Cub-PS in vitro, we next investigated the effect of various vaccine formulations on antibody response. Serum IgG1, IgG2a, IgG2b, and IgG3 titers were then evaluated by ELISA.

Taken together, compared to the Cub-Ag and PS-Ag formulations, mice immunized with the Cub-PS-Ag vaccine formulation developed more potent antigen-specific IgG antibody responses, with higher levels of IgG1, IgG2a, IgG2b, and IgG3. The results showed that Cub-PS-Ag elicited a mixed T~h~1/T~h~2 immune response to inactivated PCV-II virus. Then, we found that Cub-PS-Ag formulation can induce a higher IL-17 level compared to other formulations, which indicated that it is capable of generating strong T~h~17-based cell responses against PCV-II.

The process of generating an immune response to a vaccine greatly depends on the efficient uptake of the antigen by DCs and subsequent presentation of the antigen within the major lymphoid organs.[@b28-ijn-11-3571] Different vaccine formulations were subcutaneously injected at the neck and back of each mouse, and then the upregulation of activation markers by DCs in the draining lymph nodes was examined. Consequently, we investigated the DC recruitment and maturation levels of comparable PS-Ag and Cub-PS-Ag formulations. Taken together, Cub-PS-Ag could induce effective recruitment and expression of MHC-II and costimulatory molecules on DCs in the draining lymph nodes, both at 24 hours and 48 hours after immunization.

Considering the significant differences in DC recruitment and activation between various formulations, we wondered whether these differences affected antigen transport into draining lymph nodes. Therefore, the available antigens contained in the draining lymph nodes were determined over time by immunohistochemistry. At 7 days postimmunization, Cub-PS-Ag resulted in more abundant antigen transport into the draining lymph nodes than PS-Ag or Cub-Ag alone ([Figure 7](#f7-ijn-11-3571){ref-type="fig"}).

Taking these results into consideration, our results indicated that Cub-PS-Ag effectively promoted adequate initial antigen exposure. In successfully vaccinated individuals, regulatory T-cell, antigen-specific memory B--cells, and memory T-cells provide this protection against infectious agents.[@b29-ijn-11-3571]--[@b31-ijn-11-3571] Of the two types of memory T-cells, TCM are not available in sufficient quantities early in infection, delivering peak effector responses only after they have undergone antigen-stimulated clonal expansion, differentiation, and trafficking.[@b32-ijn-11-3571] Therefore, we assessed the memory T-cell populations raised in response to the formulations. On D7 following the first immunization, the percentages of TEM and TCM were higher in mice immunized with Cub-PS-Ag than in mice immunized with PS-Ag or Cub-Ag alone ([Figure 8](#f8-ijn-11-3571){ref-type="fig"}). This is the first report about the effect of cubosomes on TEM or TCM. Elucidating this mechanism will be greatly helpful for the rational design of cubosome-based vaccines to establish the memory T-cell response at potential sites of virus replication and control infection at early stages.

Adjuvants are classified into three groups, including 1) active immunostimulants, being substances that increase the immune response to the antigen; 2) carriers; and 3) vehicle adjuvants, which serve as a matrix for antigens as well as for stimulating the immunity.[@b33-ijn-11-3571] In this study, cubosomes enclosing PS can play two roles in promoting the immunogenicity of inactivated virus vaccines. The mechanism underlying the action of Cub-PS as vaccine adjuvant is shown in [Figure 9](#f9-ijn-11-3571){ref-type="fig"}. First, Cub-PS can act as an effective active immunostimulant to promote antigen transport into draining lymph nodes. Second, it can enhance levels of DC recruitment and maturation to initiate and amplify the immune responses. Usually, most vaccine adjuvants do not act directly on T-cells but exert their functions indirectly via effects on APCs. Among the APCs, DCs are the most effective at inducing activation and proliferation of naïve T-cells in vitro and in vivo. Overall, our results showed that Cub-PS can promote antigen transport into draining lymph nodes greatly and facilitate DC maturation, which may provide promising adjuvant candidates for application. Thus, the detailed mechanisms of the role of Cub-PS as an adjuvant warrant further investigation in future.

Conclusion
==========

Our results clearly demonstrate that the bottom--up process is very efficient in encapsulating PS into cubosome nanoparticles without any loss of their immune properties. This study investigated the adjuvant activity of PS after encapsulation within cubosomes. The results showed that PS encapsulated in cubosomes elicited more potent antigen-specific immune responses than PS-Ag alone or Cub-Ag formulations. The enhanced immune responses of Cub-PS-Ag might be attributed to the promotion of antigen transport into draining lymph nodes, efficient induction of DC activation, and increased memory T-helper cell differentiation in draining lymph nodes. These results demonstrate that cubosomes can enhance the adjuvant activity of immunostimulants. Understanding the effects of the Cub-PS-Ag formulations on the resultant immune responses might have significant implications for rational vaccine design.
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**Abbreviations:** Cub, cubosomes; Cub-PS, cubosome-polysaccharide nanoparticles; SAXS, small-angle X-ray scattering.](ijn-11-3571Fig1){#f1-ijn-11-3571}

![Cryo-FESEM micrographs of Cub and Cub-PS.\
**Abbreviations:** Cub-PS, cubosome-polysaccharide nanoparticles; cryo-FESEM, cryo-field emission scanning electron microscopy.](ijn-11-3571Fig2){#f2-ijn-11-3571}

![Cell viability of macrophages and change in CD4^+^ to CD8^+^ T-cell ratio.\
**Notes:** (**A**) Cell viability of macrophages incubated in the presence of blank Cub and PS-containing cubosome dispersions (Cub-PS) and PS after 24 hours of incubation. (**B**) The ratio of CD4^+^ to CD8^+^ T-cells increased markedly after total spleen cells were incubated for 48 hours. Data are expressed as the mean ± SEM. \**P*\<0.05 vs the PS group, while ^\#^*P*\<0.05 vs the Cub group.\
**Abbreviations:** Cub, cubosomes; Cub-PS, cubosome-polysaccharide nanoparticles; PS, polysaccharides; SEM, standard error of the mean.](ijn-11-3571Fig3){#f3-ijn-11-3571}

![Cub-PS eliciting strong antigen-specific antibody and antibody subclass responses in vivo.\
**Notes:** (**A**) Antigen-specific IgG levels in the serum on injection of different contents of Cub-PS after first immunization. (**B**) Antigen-specific IgG levels in the serum at the indicated time points after first immunization. (**C**) IgG1 and IgG2a levels in the serum of immunized mice 21 days after the first immunization. (**D**) IgG2b and IgG3 levels in the serum of immunized mice 21 days after the first immunization. Data are expressed as the mean ± SEM. \**P*\<0.05 and \*\**P*\<0.01 vs the PS-Ag group; ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs the Cub-Ag group.\
**Abbreviations:** Ag, antigen; Cub-Ag, mixture of cubosomes and Ag; Cub-PS-Ag, mixture of cubosome-polysaccharide nanoparticles and Ag; Ig, immunoglobulin; OD, optical density; PS-Ag, mixture of PS and Ag; SEM, standard error of the mean.](ijn-11-3571Fig4){#f4-ijn-11-3571}

![Production of cytokines in the serum of BALB/c mice.\
**Notes:** (**A**) IL-4, (**B**) IL-12, (**C**) IFN-γ, (**D**) TNF-α, and (**E**) IL-17 at the indicated time points after first immunization were measured by ELISA. Data are expressed as the mean ± SEM. \**P*\<0.05 and \*\**P*\<0.01 vs the PS-Ag group, while ^\#^*P*\<0.05 vs Cub-Ag group.\
**Abbreviations:** Ag, antigen; Cub-Ag, mixture of cubosomes and Ag; Cub-PS-Ag, mixture of cubosome-polysaccharide nanoparticles and Ag; ELISA, enzyme-linked immunosorbent assay; IFN, interferon; IL, interleukin; PBS, phosphate-buffered saline; PS-Ag, mixture of PS and Ag; TNF, tumor necrosis factor; SEM, standard error of the mean.](ijn-11-3571Fig5){#f5-ijn-11-3571}

![Cub-PS activating DCs in the draining lymph nodes in vivo.\
**Notes:** Percentage of CD11c^+^MHC II^+^ and CD11c^+^CD86^+^cells in a total of 20,000 lymphocytes from naive mice or mice vaccinated with PS-Ag, Cub-Ag, Cub-PS-Ag, and ISA206 at (**A**) 24 hours and (**B**) 48 hours after subcutaneous injection. FACS plots in (**C**) are representative of the mean percentages of three mice in each group. Data are expressed as the mean ± SEM. \**P*\<0.05 and \*\**P*\<0.01 vs the PS-Ag group, while ^\#^*P*\<0.05 vs Cub-Ag group.\
**Abbreviations:** Ag, antigen; CD, cluster of differentiation; Cub-Ag, mixture of cubosomes and Ag; Cub-PS-Ag, mixture of cubosome-polysaccharide nanoparticles and Ag; DC, dendritic cells; FACS, fluorescence-activated cell sorting; LN, lymph node; MHC, major histocompatibility complex; PBS, phosphate-buffered saline; PS-Ag, mixture of PS and Ag; SEM, standard error of the mean.](ijn-11-3571Fig6){#f6-ijn-11-3571}

![Available antigens in draining lymph nodes.\
**Notes:** BALB/c mice were subcutaneously injected with PS-Ag, Cub-Ag, Cub-PS-Ag, and ISA206. Yellow areas indicated by arrows represent antigen.\
**Abbreviations:** Ag, antigen; Cub-Ag, mixture of cubosomes and Ag; Cub-PS-Ag, mixture of cubosome-polysaccharide nanoparticles and Ag; PS-Ag, mixture of PS and Ag.](ijn-11-3571Fig7){#f7-ijn-11-3571}

![Frequency of central (CD62L^+^CCR7^+^)/effector (CD62L^−^CCR7^−^) memory CD4^+^CD44^+^ T-cells.\
**Notes:** Mice were immunized with PS-Ag, Cub-Ag, Cub-PS-Ag, and ISA206. FACS plots in (**A**) are representative of the mean percentages of three mice in each group. The frequency of (**B**) CD4^+^CD44^+^CD62L^+^CCR7^+^ T-cells (TCM) and CD4^+^CD44^+^CD62L^−^CCR7^−^ T-cells (TEM) were measured by flow cytometry. Data are expressed as the mean ± SEM. \**P*\<0.05 and \*\**P*\<0.01 vs the PS-Ag group, while ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs Cub-Ag group.\
**Abbreviations:** Ag, antigen; CCR, C-C motif chemokine receptor; CD, cluster of differentiation; Cub-Ag, mixture of cubosomes and Ag; Cub-PS-Ag, mixture of cubosome-polysaccharide nanoparticles and Ag; FACS, fluorescence-activated cell sorting; PBS, phosphate-buffered saline; PS-Ag, mixture of PS and Ag; TEM, effector memory T-cells; TCM, central memory T-cells; SEM, standard error of the mean.](ijn-11-3571Fig8){#f8-ijn-11-3571}

![The possible mechanism of Cub-PS action as vaccine adjuvants.\
**Notes:** Cub-PS was mixed with inactivated PCV-II viruses and the Cub-PS-Ag formulation is formed. After subcutaneous injection of Cub-PS-Ag formulation, APCs, especially DCs located in the subcutaneous region, can phagocytose the Cub-PS-Ag, process the antigens during the migration to secondary lymph nodes, and become mature. At this moment, DCs present the MHC--peptide complex to T-cells at lymph nodes. CD80 and CD86 are highly expressed on the surface of DCs. Subsequently, some of the T- and B-cells become memory cells and protect the organism upon a second encounter with the same pathogen.\
**Abbreviations:** Ag, antigen; CTL, cytotoxic T-lymphocyte; Cub-Ag, mixture of cubosomes and Ag; Cub-PS-Ag, mixture of cubosome-polysaccharide nanoparticles and Ag; DC, dendritic cell; MHC, major histocompatibility complex; PCV, porcine circovirus; PS-Ag, mixture of PS and Ag; TCM, central memory T-cells; TCR, T-cell receptor; TEM, effector memory T-cells; Th-cells, T-helper cells; Tc-cells, cytotoxic T cells.](ijn-11-3571Fig9){#f9-ijn-11-3571}

###### 

Characterization of PS-encapsulated cubosome nanoparticles

  Formulation   Average size (nm)   PDI           Zeta potential (mV)   PS encapsulation efficiency (%)   PS (mg)/Phy (1 g)
  ------------- ------------------- ------------- --------------------- --------------------------------- -------------------
  Cub           281.8±1.47          0.149±0.004   −14.33±0.75           --                                --
  Cub-PS        324.4±2.05          0.163±0.153   −16.13±0.42           89.5±3.51                         100

**Notes:** Sizes, PDI, zeta potential, encapsulation efficiency, and loading levels are represented as mean ± SEM from various batches prepared.

**Abbreviations:** Cub, cubosomes; Cub-PS, cubosome-polysaccharide nanoparticles; Phy, phytantriol; PS, polysaccharides; PDI, polydispersity index; SEM, standard error of the mean.
